abstract: Tssk4 belongs to the Testis Specific Serine/threonine protein Kinase (TSSK) family, members of which play an important role in spermatogenesis and/or spermiogenesis. Several Tssk family proteins have extensively been studied. However, the exact function of Tssk4 remains unclear. A Tssk4 knockout mouse model was generated and the males were subfertile due to seriously decreased sperm motility. The ultrastructure of the Tssk4 2/2 sperm tail is disorganized at the midpiece-principal piece junction, leading to a severe bend in the sperm flagellum. One or more axonemal microtubule doublets are absent and the midpiece is fused with the principal piece. Furthermore, we identified the association between Tssk4 and Odf2, a prominent cytoskeletal protein of the outer dense fiber (ODF) in sperm flagellum. Tssk4 can change the phosphorylation state of Odf2 and conversely Odf2 potentiates the autophosphorylation activity of Tssk4. These findings reveal that Tssk4 is required for maintaining the structural integrity of sperm flagellum and male fertility.
Introduction
Eukaryotic organisms dedicate at least 2% of their genes to encode protein kinases, indicating the widespread importance of protein phosphorylation in the regulation of myriad cellular functions-for example, metabolism, transcription, cell-cycle progression, differentiation, cytoskeleton arrangement and cell movement, apoptosis, intercellular communication, and neuronal and immunological functions (Manning et al., 2002; Johnson, 2009) . In recent years, the Testis Specific Serine/threonine protein Kinase (TSSK) family has been reported to be related to spermatogenesis and/or spermiogenesis. The TSSK family consists of five members: Tssk1 to Tssk6, with Tssk4 and Tssk5 referring to the same protein (Wei et al., 2013) . Their expression is restricted to postmeiotic germ cells, with the exception of Tssk3, which is predominantly expressed in interstitial Leydig cells (Kueng et al., 1997; Zuercher et al., 2000; Spiridonov et al., 2005; Xu et al., 2008; Shang et al., 2010; Li et al., 2011; Wei et al., 2013) . Because of their specific and nonoverlapping expression patterns during spermiogenesis, their possible biological functions were investigated by constructing gene deletion mouse models. Different research groups reported different phenotypes for the Tssk1 and Tssk2 double deletion mouse models, and these discrepancies were ascribed to differences in the genetic backgrounds studied (Xu et al., 2008; Shang et al., 2010) . Xu et al. (2008) did not observe any transmission of the null genotype and concluded that this mouse model was haploinsufficient. Contrary to this observation, Shang et al. (2010) reported that the double deletion mouse models showed male sterility accompanied by chromatid body loss. Despite these controversies, these findings revealed the important roles of the two genes in normal male reproduction. Tssk6 knockout mice also presented male infertile phenotypes caused by certain morphological defects in their sperm (Spiridonov et al., 2005; Sosnik et al., 2009) .
Defects in sperm motility will affect fertilization in the absence of other interventions (Escalier, 2006) . The normal beating of flagella and cilia results from active sliding movements between adjacent doublets of the axoneme. In sperm tail, the outer dense fibers (ODFs) are prominent cytoskeletal elements that contribute to the distinctive morphological features of the motile apparatus of the sperm (Oko and Clermont, 1990) . Previous studies have indicated that ODFs function in improving the bending torque of the tail (Lindemann, 1996) and/or protecting the sperm tail against shear forces during epididymal transportation and ejaculation (Baltz et al., 1990) . The ODFs have been reported to be highly phosphorylated (Chaudhry et al., 1995; NagDas et al., 2002; Rosales et al., 2008) . Odf2 was identified as a major protein component of ODFs in the mammalian sperm tail (Brohmann et al., 1997; Hoyer-Fender et al., 1998) localized to the medulla and cortex and to the connecting piece (Schalles et al., 1998) . Odf2 can interact with cdk5, which upon activation can phosphorylate Odf1 (Rosales et al., 2008) . Two Odf2 mouse models have been reported. One group generated chimaeras using a gene trap RO072 embryonic stem cell line, which resulted in an insertion into exon 9 of Odf2 gene, but this modification displayed preimplantation lethality (Salmon et al., 2006) . The other group made Odf2 knockout mice using XL169 embryonic stem (ES) cells and the male mice with a high percentage chimaerism were infertile, whereas mice of low-medium percentage chimaerism were fertile. More than half of the epididymal sperm displayed bent tails, with one or more entire ODFs missing and the absence of one or more axonemal microtubule doublets (Tarnasky et al., 2010) .
Several Tssk family proteins have extensively been studied. However, the exact functions of Tssk3 and Tssk4 are still unknown. We previously reported that Tssk4 is expressed exclusively in testis and can maintain its kinase activity through autophosphorylation at Thr-197 (Chen et al., 2005; Wei et al., 2013) . In this study, we generated a Tssk4 deletion mouse model using a Cre-LoxP-based approach (Kos, 2004) . Tssk4 2/2 male mice produced 50% fewer offspring than their wild type (WT) littermates because of reduced sperm motility. More than 30% epididymal sperm showed tails bent at the junction of the midpiece and the principal piece, which displayed disorganized ultra-structures. Furthermore, we identified that Tssk4 can associate with and change the phosphorylation state of Odf2, whilst ODF2 can potentiate the autophosphorylation activity of Tssk4 at Ser-197. In conclusion, our data demonstrate the essential role of Tssk4 in modulating sperm motility and male fertility.
Materials and Methods

Animal care and use
Mice were handled following guidelines for human animal care and use in research of National Institutes of Health, and all animal-related procedures were approved by the State Key Laboratory of Genetic Engineering and Institutional Animal Care and Use Committee (IACUC) of Fudan University. Mouse breeding and animal-related protocols were performed following the general guidelines published by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
Generation of the Tssk4 deletion mouse model
A Cre-LoxP-based approach was used to generate the Tssk4 deletion mouse model. A 3.65-kb 5 ′ homologous fragment, a 2.141-kb 3 ′ homologous fragment, and a 1.68-kb promoter fragment including the first exon of Tssk4 (the region of the Tssk4 gene targeted for deletion) were cloned into a pLNT plasmid. To successfully generate a transmissible Tssk4 knockout mouse model, the neomycin resistance (Neo)-thymidine kinase cassette and the region of Tssk4 targeted for deletion were flanked with LoxP sites (a sequence recognized by Cre recombinase).
After linearization by NotI, the targeted constructs were electroporated into 129/SvJ ES cells. ES cell clones containing the targeted Tssk4 construct were injected into C57BL-6 blastocysts to generate chimeras. Male chimeras were mated with C57BL-6 female mice to obtain germline transmission. Mice harboring the mutated allele were then crossed with a Cre-deleter strain (129-SvPas) to generate Tssk4 deletion mice. Because Tssk4 null mice are viable, the mutant alleles can be successfully transmitted to the next generation. DNA was extracted from mice tails using standard DNA extraction protocols, and genotyping was performed via PCR using specific primers (P1: 5 ′ -AGAAGGCCTCTGAAGACTATCTC-3 ′ ; P2: 5 ′ -GTACTTGTG CCGTAGGA CTTT-3 ′ ; P3: 5 ′ -GGGCTCAGTGAGTAACATAACTTC-3 ′ ). Western blot and immunohistochemistry assays were further conducted to confirm the deletion of the Tssk4 gene.
RT-PCR analysis
Total murine testis RNA was prepared using the TRIzol reagent according to the supplier's specifications (Invitrogen, Grand Island, USA). A total of 10 mg of RNA was incubated in100 ml of 1 × DNase buffer containing 1 U RNasefree DNase I (Roche, Germany) at 378C for 20 min. Complementary DNA (cDNA) was prepared by reverse transcription from 1.0 mg of total RNA using SuperScript II Reverse Transcriptase (Invitrogen). The resulting firststrand cDNA was used as a template for the amplification of mouse Tssk4 (sense 5 ′ -CACTGCGCAAGCCCAACATCATG-3 ′ ) and (antisense 5 ′ -CCT CCTGCCTCCTCAGCCACTTTCAG-3 ′ ), and b-Actin as control (sense 5 ′ -GAGAGGTATCCTGACCCTGAAGTA-3 ′ and antisense 5 ′ -GTCAGG CAGCTCATAGCTCTTC-3 ′ ). The amplified DNA fragments were identified by electrophoresis in 1% agarose gels stained with ethidium bromide and further verified by DNA sequencing.
Histological analysis and immunohistochemistry
The freshly dissected mouse testes were fixed and embedded in paraffin prior to sectioning into 6 mm-thick slices. The immunohistochemistry assays were performed as previously described using the anti-Tssk4 antibody (1:500) (Wei et al., 2013) . The sections were incubated with biotin-labeled secondary antibody (goat anti-rabbit IgG; 1:100 dilution) for 30 min, washed three times with phosphate buffered saline (PBS), and then incubated with a streptavidin-biotinylated complex (SABC) for an additional 30 min. Immunostaining was performed using 3,3 ′ -diaminobenzidine tetrahydrochloride (DAB/H 2 O 2 ). All slides were counterstained with hematoxylin. Differential interference contrast images were obtained using a Leica DMRA2 microscope (Leica, Germany).
Mating experiment
Male fecundity was investigated by performing mating experiments between the Tssk4 null, Tssk4 heterozygous and WT male mice with WT females. The fecundity of female Tssk4 null mice was examined by mating with WT males. In the experiments, every month eight males were each bred with three females. Throughout the duration of the mating experiments, vaginal plugs were checked and offspring were counted. The mating experiments lasted for 8 months.
Sperm isolation and counting
The sperm used in the following experiments were obtained from the cauda epididymides of adult mice, unless otherwise indicated. Briefly, mouse epididymides were dissected, and the caudal parts were isolated and cut at various points with a razor blade. The treated tissue was placed in 1 ml of PBS and incubated for 30 min at 378C. Then, the sperm in the supernatant were centrifuged at 1000g for 5 min. The collected sperm were resuspended in PBS and passed through an 80-mm pore size filter for purification. Sperm were counted using a hemocytometer and then subjected to the required assays.
Sperm motility assay
Cauda epididymides from adult mice were dissected out and placed in 1 ml of minimum essential medium with Earle's salts supplemented with nonessential amino acids, 0.23 mM pyruvic acid, 75 mg/ml penicillin G, Tssk4 regulates the structure of sperm flagellum 50 mg/ml streptomycin sulfate, 0.01 mM tetrasodium EDTA, 3 mg/ml bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) and 5% fetal bovine serum. Then, the cauda epididymidis was cut open and incubated at 378C for 1 h to allow the sperm to capacitate. Sperm samples were placed into glass cell chambers which were 20 mm in depth (Leja Products BV, Nieuvw-Vennep, The Netherlands), then the chambers were observed under an Olympus BX 51 microscope through a ×20 phase objective. Videos were captured using the CCD camera. Sperm motility data were obtained by computer-assisted sperm analysis (CASA), including total motility and progressive motility parameters.
Electron microscopy analysis
Caudal epididymides and respiratory tracts from WT and Tssk4 2/2 mice were analyzed using electron microscopy.
For scanning electron microscopy analysis of mature sperm, the cauda epididymides of adult mice were dissected out and minced in 0.1 M phosphate buffer (pH 7.4), allowing the release of the sperm. The sperm were collected and subsequently fixed in 2.5% (w/v) glutaraldehyde solution in phosphate buffer at 48C for 2 h. Then, the sperm were collected on poly-L-lysine-coated glass coverslips, post-fixed in 1% osmium tetroxide for 30 min, dehydrated in a graded ethanol series, subjected to critical point drying, and finally coated with gold/palladium. The samples were then examined with a JEOL JSM-6360 LV scanning electron microscope.
For transmission electron microscopy analysis, the samples were fixed in 0.05% glutaraldehyde in 0.1 M phosphate buffer, post-fixed in 1% w/v osmium tetroxide, dehydrated in ethanol and subsequently embedded in Epon812. Ultrathin sections were counterstained with uranyl acetate and lead citrate prior to transmission electron microscopy analysis using a JEOL JEM-1230.
Plasmids, antibodies and cell transfection pCMV-Myc-Tssk4 vector was generated previously (Wei et al., 2013) . The whole open-reading frames of mouse Odf2 was amplified from mouse testis cDNA with sense primer (5 ′ -GATGAATTCGGATGTCTGCC TCATCCTCAGGCG-3 ′ ) and antisense primer (5 ′ -GATCTCGAGTCA TCTCGGTAAGCGGGCCCCTG-3 ′ ), then the sequence was fused into pCMC-HA vector. Myc, HA and b-actin mouse monoclonal antibodies were purchased from Sigma (Sigma-Aldrich). Anti-b-tubulin mouse monoclonal antibody and anti-Odf2 goat polyclonal antibody for western blot were bought form Santa Cruz Biotechnology (Texas, USA). Odf2 for immunohistochemistry and Histone H2B rabbit polyclonal antibody was from Abcam (Cambridge, UK). Tssk4 polyclonal antibody was generated previously (Wei et al., 2013) .
For transfection, 293T cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (FCS). Transient transfection was performed using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. The following western blot assay was described before (Wei et al., 2013) .
Isolation of sperm heads and tails
Sperm tails and heads were isolated according to the procedure reported by Calvin (1976) , with slight modifications. Sperm obtained from the caudal epididymides were suspended in 7 -8 ml of ice-cold PBS and sonicated in ten bursts of 10 s each at 100 W with a Braun sonicator to detach the heads and tails. The sperm component suspension was mixed with a 75% sucrose (w/v) and 10 mM sodium phosphate (pH 7.0) solution at a ratio of 1:6. Aliquots (3 ml) of the sperm component mixture were layered over sucrose step gradients containing equal volume steps of 65, 70 and 75% sucrose (w/v), each containing 20 mM sodium phosphate (pH 7.0). The gradients (12 ml each) were centrifuged for 1 h at 100 000g in a SW41 rotor. The tails that were layered at the 65 -70% interface were collected with a Pasteur pipette. Meanwhile, the heads were enriched at the bottom of the gradients. Both the heads and tails were washed with PBS and collected by centrifugation at 50 000g for 15 min.
In vitro dephosphorylation assay
After 24 h co-transfection with HA-Odf2 and Myc-Tssk4 plasmids, the cells were harvested and treated with 1× Cell Lysis Buffer for 30 min at 48C. The lysate was subjected to dephosphorylation action using Lambda Protein Phosphatase (Lambda PP) following the manufacturer's instruction (Catalog # P0753S, NEB, USA). After incubation at 308C for 30 min, western blot was performed to detect the dephosphorylation.
Statistical analysis
The t-test was used to determine the statistical significance of phosphorylation differences between WT controls and Tssk4 knockout samples. Graphs were constructed using GraphPad Prism 5.
Results
Tssk4
2/2 male mice are subfertile due to reduced sperm motility A Tssk4 knockout mouse model was generated using the conventional Cre-LoxP-based gene targeting approach (Fig. 1A) . The mutant mice were genotyped by examining the murine DNA sequence using corresponding primers (Fig. 1B) . The deletion of the Tssk4 gene was further verified by RT -PCR, western blotting and immunohistochemistry using our self-made anti-Tssk4 polyclonal antibody (Fig. 1C and D) . The reduced Tssk4 expression in heterozygous mice indicates a gene dosage effect. To minimize adverse effects on male fertility due to heterogeneous genetic background, the first-generation offspring were backcrossed with the C57BL-6 strain for over six generations before phenotypic analysis. After an 8-month mating experiment, subfertile phenotype of Tssk4 2/2 males ( Fig. 2A and B) with an 50% decrease in litter size was found compared with their WT littermates. However, their behaviors (including sexual behavior), testes anatomy, body weight, testes weight and sperm count of Tssk4 2/2 males showed no obvious differences. Additionally, vaginal plug formation, which is an indication of successful mating, in the partners of Tssk4 2/2 males also appeared normal. The offspring sired by Tssk4 2/2 females mated with WT males were normal, and the offspring of heterozygous mice showed the predicted Mendelian ratio of 1:2:1 (Tssk4 +/+ : Tssk4 +/2 : Tssk4 2/2 , 89:164:79), indicating normal fetal development. The sex ratio in the litters of Tssk4 2/2 mice was the expected 1:1. To confirm the reduced fertility of Tssk4 2/2 males, fetuses at 7-10 days of gestation were dissected from pregnant females. As shown in Figure 2C , fewer fetuses were generated by Tssk4 2/2 males compared with their WT littermates.
To elucidate the reason for the subfertile phenotype of Tssk4
males, sperm motility was tested through CASA and the whole set of data was presented in Supplementary data, Table SI . As shown in Figure 2D and E and Supplementary data, Movies S1 and S2, 37% of Tssk4 2/2 sperm were motile, whereas 80% of WT sperm were motile. Additionally, the percentage of forward-moving Tssk4 2/2 sperm (an important parameter for egg fertilization) decreased to 17%, while forward-moving sperm accounted for 50% in WT sperm (Fig. 2E) . Therefore, the male subfertile phenotype caused by Tssk4 disruption was associated with reduced sperm motility.
2/2 sperm flagella exhibit morphological defects at the midpiece -principal piece junction An intact sperm structure is essential for sperm motility (Oko and Clermont, 1990) . The reduced sperm motility of Tssk4 2/2 sperm suggested that they might exhibit morphological defects. To analyze this possibility, caudal epididymal sperm from WT and Tssk4 2/2 mice were examined using differential interference contrast (DIC) microscopy. Tssk4 2/2 sperm heads were completely normal; however, a large number of Tssk4 2/2 sperm displayed a distinct bend at the midpieceprincipal piece junction of the flagella (Fig. 3A) . More than 30% of the Tssk4 2/2 sperm were morphologically defective, whereas ,6% of WT sperm had defects (Fig. 3B) . The first type of defect was a large number of 90 -1808 bent sperm with aberrant fibers in the area of the bend (Fiber + 90-1808Bend); a second characteristic defect was the appearance of aberrant fibers on straight and ,908 Bend sperms (Fiber + ,908Bend); the third type of defect was the near detachment of the principal piece from the middle piece without aberrant fibers (Detach) (Fig. 3C) . The percentage of the three defects was 11.9, 13.1 and 3.5% separately with more than 2500 sperms counted from 4 knockout mice (Fig. 3D) . The abnormalities in the Tssk4 2/2 sperm were more easily observable by scanning electron microscopy and included three major types of morphological defects (Fig. 3E) . The ultrastructure of the Tssk4 2/2 flagella at the midpiece -principal-piece Tssk4 regulates the structure of sperm flagellum junction appeared completely disordered under TEM (Fig. 3F ) with snapping tails, suggesting an internal abnormality in the Tssk4 2/2 sperm flagellum. In some cases, the principal piece abnormally fused with the middle piece, and the doublet microtubules and the arrangement of ODFs in the principal piece was disorderly (Fig. 3G) . In addition, one or more axonemal microtubule doublets were missing In addition, the extra principal piece represented disorganized structure, the doublet microtubules and out dense fibers arranged in disorder (arrow). Scale bar is 200 nm. (H) Cross sections of the principal piece from WT and Tssk4 2/2 sperm showed the reduced doublet microtubules, with the missing number from one to four (arrows). Scale bar is 200 nm.
( Fig. 3H) . These defects are similar with the phenotypes in Odf2 knockout mice (Tarnasky et al., 2010) .
Tssk4 can change the modification of Odf2 depending on its kinase activity and Odf2 can increase the autophosphorylation activity of Tssk4
Odf2 is a prominent cytoskeletal protein in the ODFs, which are important elastic structures in the mammalian sperm flagellum (Fawcett, 1975) . The phenotype in Odf2 knockout mice is similar with that of Tssk4 2/2 male mice. To detect their relationship, the rabbit polyclonal antibodies of Tssk4 and Odf2 were tested by western blot and they can recognize the antigens exclusively (Fig. 4A) . Then immunohistochemistry assays were performed and the results showed that both Tssk4 and Odf2 were located at the sperm flagellum but not head (Fig. 4B) , consistent with the reported distribution of Odf2 which was also located in the sperm flagellum (Turner, 2005) . Furthermore, the ODFs end at the termination of the sperm principal piece and are not present in the end-piece but the axonemes extend to the tail tip (Turner, 2005) . As shown in Figure 4C , neither Tssk4 and Odf2 was expressed in the end-piece of the tail but Tubulin was detected there. Sperm head-tail separation assays also confirmed that both Tssk4 and Odf2 were exclusively located in the sperm tail. Histone H2B and b-Tubulin were used as sperm head and tail markers respectively ( Fig. 4A and B ). This result indicated that Tssk4 and Odf2 exhibit very similar distribution patterns in the sperm flagellum. ODFs are very stable and highly insoluble structures (Vera et al., 1984) , and Odf2 is an insoluble protein (Olson and Sammons, 1980) . Since the Odf2 protein is nearly insoluble in non-ionic detergents (Supplementary data, Fig. S1 ), it is difficult to perform conventional co-immunoprecipitation (co-IP) experiments between Tssk4 and Odf2 either in vivo or in vitro. Alternatively, we demonstrated their interaction using co-sedimentation experiments. Myc-Tssk4 constructs were transfected into HEK 293T cells separately or together with HA-Odf2 plasmids. Cell lysates were subjected to centrifugation to separate the soluble (supernatant) and insoluble (sediment) fractions. When Tssk4 and Odf2 were expressed separately, the results of western blotting showed that all the Odf2 protein existed in sediments, whereas the Tssk4 protein primarily existed in the soluble fraction. However, when Tssk4 was co-transfected with Odf2, Tssk4 was mainly present in the insoluble fraction (sediment) (Fig. 5A) . The relative amount of Tssk4 protein was calculated by measuring the band intensity using Quantity One software (Bio-Rad, USA). Approximately 9.3 times more Tssk4 protein was in sediment when it was co-transfected with Odf2 than expressed alone ( Fig. 5B and C) . This result indicates that Odf2 can recruit Tssk4 into the insoluble fraction (sediment), suggesting the association between Odf2 and Tssk4.
To clarify the relationship between Tssk4 and Odf2, they were transfected into HEK 293T cells alone or together. When co-expressed with Tssk4 regulates the structure of sperm flagellum Odf2, partial Tssk4 protein migrated more slowly in SDS-polyacrylamide gels (Fig. 5D , left panel and Supplementary data, Figure S2) ; however, the Tssk4 kinase-dead mutants, including Tssk4-T197A and Tssk4-K54M (Wei et al., 2013) , exhibited no change in migration rate (Fig. 5D , middle and right panels). These results indicate that the autophosphorylation activity of Tssk4 was potentiated by co-transfection with Odf2. Meanwhile, Odf2 also exhibited a slower migration rate when it was co-transfected with Tssk4 but not with Tssk4-T197A and Tssk4-K54M. In addition, to confirm the phosphorylation modification of Tssk4 when co-expressed with Odf2, the co-transfected lysate of HEK-293T cell was subjected to in vitro dephosphorylation assay. The protein band with lower migration rate disappeared when Lambda Protein Phosphatase (l-PPase) added (Fig. 5E ), indicating the phosphorylation of Tssk4. Therefore, all these results showed that Odf2 can potentiate the autophosphorylation activity of Tssk4 in vitro and Tssk4 can change the modification of Odf2.
Discussion
Tssk4
2/2 male mice present a subfertile phenotype rather than the complete infertility observed in the double Tssk1 and Tssk2 knockout mice (Shang et al., 2007; Shang et al., 2010) and Tssk6 knockout mice (Sosnik et al., 2009; Li et al., 2011) , which indicates that the Tssk4 2/2 males still have the reproductive ability to breed. The first reason is possibly that the function of Tssk4 is compensated by other proteins. Secondly, the Tssk4 2/2 sperm heads were normal due to the exclusive expression of Tssk4 on sperm tail rather than head, indicating that the sperm-egg binding process was not influenced by Tssk4 deletion. The structural abnormalities in the Tssk4 2/2 sperm flagella occur mostly at the midpiece -principal piece junction, which is consistent with the sperm motility theory. It is well known that the sperm tail beating momentum is generated mainly by the principal piece, whereas the midpiece is almost immotile (Turner, 2005) . Thus, the midpiece -principal piece junction will experience the greatest torque during the sperm tail beating process. Additionally, the principal piece is protected by a fibrous sheath, and the midpiece is circled by a mitochondrial sheath. Consequently, Tssk4 2/2 sperms are more sensitive to shear force and easier to bend at the midpiece -principal piece junction than other part of the flagellum both in vitro and in vivo. Sperm motility is considered critical for fertilization because it helps the sperm move through the female genital tract and the zona pellucida of the ovum (Inaba, 2003) . It is widely accepted that defects in sperm motility will compromise fertilization if no additional artificial intervention is provided. Under physiological conditions, the normal, rhythmic beating of the sperm tail is generated from active sliding movements between adjacent axonemal doublets (Gibbons, 1981; Turner, 2005) . Dozens of knockout mouse models that bear specific anomalies in sperm flagellar structures and thus exhibit motility disorders have been developed (Escalier, 2006) . These anomalies are mostly concentrated at the axoneme (Neesen et al., 2001; Sapiro et al., 2002; Tanaka et al., 2004; Zhang et al., 2004) , annulus (Ihara et al., 2005; Kissel et al., 2005) , mitochondrial sheath (Bouchard et al., 2000; Sampson et al., 2001) , fibrous sheath (Miki et al., 2002) and ODFs (Tarnasky et al., 2010) . The Odf2 2/2 male mice of a high percentage chimaerism were infertile, and whereas mice of lowmedium percentage chimaerism were fertile. The .50% Odf2 2/2 sperms displayed bent tails, with the absence of one or more ODFs and the missing of one or more axonemal microtubule doublets, also the midpiece fused with the principal piece (Tarnasky et al., 2010) , similar to defects in Tssk4 2/2 sperms.
The Immunohistochemistry and sperm tail-head separation experiments showed that Tssk4 and Odf2 located in the principle piece of sperm flagellum, not the end piece. Because their antibodies are both rabbit polyclonal antibody, they cannot be used to perform co-localization assay. But their similar spatial distribution provides a fundamental condition for their association.
ODFs are highly phosphorylated in sperm flagella (Rosales et al., 2008) . Since the modification state of Tssk4 can be changed by Tssk4 but not the kinase dead mutants including Tssk4 (K54M) and Tssk4 (T197A), there is a great possibility that Tssk4 can phosphorylate Odf2 to regulate its function. The association between Odf2 and Tssk4 provides a clue to their mutual regulation: in the sperm tail, Odf2 can recruit Tssk4 protein to the ODFs, thereafter Tssk4 can sustain its kinase activity through its autophosphorylation activity and the active Tssk4 can change the modification state of Odf2 to regulate the sperm motility and structure.
In conclusion, our findings demonstrate the biological role of Tssk4 in male fertility. The disruption of Tssk4 leads to reduced sperm motility and severe morphological defects in sperm flagellum at the middle piece -principal piece junction. Furthermore, we provided the evidence that Tssk4 and Odf2 regulate each other through phosphorylation. Thus, the modulation of the two proteins might keep in a positive feedback loop, which can sustain sperm tail healthy that are essential for normal sperm motility and fertilization. The ratio of Tssk4 in the soluble fraction versus the insoluble fraction when expressed alone or together with Odf2. **P , 0.01. (D) Odf2 and a fraction of the Tssk4 protein migrated more slowly in a gel after they were expressed together in vitro. (E) The HEK-293T cell lysate with Tssk4 and Odf2 co-expression was subjected to in vitro dephosphorylation assay. When Lambda Protein Phosphatase (l-PPase) was added, the band with lower migration rate disappeared, confirming the phosphorylation of Tssk4 when Odf2 presented.
Tssk4 regulates the structure of sperm flagellum
